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Background and objective: Over 1 billion tons of foods are wasted every year (not consumed 
by humans or animals). Most of this waste ends up in landfills. As the global population 
increases, mankind must look for more sustainable means of living. A recently popular idea is 
the use of organic wastes as carbon feedstocks for fermentation that produces value added 
products. Polyhydroxyalkanoates are a family of bio-based, biodegradable polymers that can be 
produced in large quantities using food and food processing wastes as the main feedstocks. In 
many cases, biocatalysts have been engineered to efficiently use these waste compounds to 
produce large quantities of useful intracellular polyhydroxyalkanoates. 
Results and conclusion: In the current study, various polyhydroxyalkanoates were produced; 
each with different thermal and mechanical characteristics useful for different applications. If 
polyhydroxyalkanoate production facilities are established next to food waste accumulation 
sites (e.g., large landfills), potentials for the economical and sustainable polyhydroxyalkanoate 
production sound promising. 
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Polyhydroxyalkanoates (PHAs) are a family of 
biologically synthesized carbon-storage polymers. In 
microorganisms, PHAs are produced in response to stress 
conditions and provide protections from nutrient starvation 
and extreme environments [1]. These polymers are 
produced and stored intracellularly in the form of inclusion 
bodies called granules. The PHA granules, and indeed PHA 
homeostasis in general, have been thoroughly characterized 
in Cupriavidus (C.) necator (previously called Ralstonia 
eutropha). The bacteria are model microorganisms for the 
study of PHA synthesis-degradation cycle due to its 
vulnerability to genetic manipulation (gene knockouts and 
other DNA alterations). Furthermore, C. necator can 
produce up to 90% (w w-1) of their cell dry weight (CDW) 
of PHAs [2-4]. 
Polyhydroxyalkanoates are polyesters that include 
various monomers, largely depending on the producing 
microorganism and the carbon feedstock used by that 
microorganism for polymer synthesis. These polymers are 
divided into at least four categories, including short chain 
length (scl) polymers composed of C3-C5 monomers, 
medium chain length (mcl) polymers composed of C6–C10 
monomers, long chain length (lcl) polymers composed of 
C11 and longer monomers, and mixed chain length 
polymers (e.g., scl-co-mcl polymers) composed of 
monomers with wide variations in chain length [5-7]. Figure 
1 illustrates example chemical structures of these categories. 
The most common PHA polymer is poly 3-hydroxybutyrate 
(PHB), which is a homopolymer that consists solely of 3-
hydroxybutyrate (3HB) monomers; a C4 monomer. The 
PHB is widely described because many wild-type and 
environmental isolates produce this polymer when grown on 
most carbon sources [7-10]. However, some bacteria 
produce mcl-PHA heteropolymers [11-13]. Differences 
between the microorganisms that produce PHB and other 
scl-PHAs and those that produce mcl-PHAs are associated 
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to differences in monomer supply pathways and PHA 
synthase (polymerase) types expressed by the 





PHA PHA Class R1 R2 n 
PHB scl CH3 - 1 
P4HB scl H - 2 
P(HB-co-HV) scl-co-scl CH3 C2H5 1 
P(HB-co-HHx) scl-co-mcl CH3 C5H9 1 
 
Figure 1. General backbone structure of polyhydroxyalkanoate (right) and examples of PHA polymers (left). HB, hydroxybutyrate; HV, 
hydroxyvalerate; HHx, hydroxyhexanoate; HO, hydroxyoctanoate. No numbers in abbreviations indicate 3-HA monomers. Co-polymers of 
3-HA and 4-HA monomers are possible as P (HB-co-4HB) 
 
Polyhydroxyalkanoates have long been the subjects of 
biotechnological research. Many PHAs possess mechanical 
and thermal properties similar to those of petroleum-based 
plastics such as polyethylene, polystyrene and poly-
propylene [6,15,16]. Advantages of PHAs over these 
traditionally-synthesized plastics include that PHAs are bio-
based, bio-compatible and biodegradable polymers [17,18]. 
Generally, PHAs are produced in microbial cultures which 
often use carbon-rich waste streams as feedstocks; 
therefore, PHAs produced in this way include more 
sustainable characters. Polymers of varying monomer 
compositions have been produced at pilot scales or larger to 
produce bioplastic raw materials for various used including 
medical, industrial, agricultural, packaging, cosmetic and 
household uses [18-22]. Polyhydroxy-alkanoates can be 
recovered and purified from their microbial hosts using a 
variety of methods [23,24]. Recently, bio-based methods 
have been developed using digestion of bacterial biomasses 
in guts of animals [25,26]. However, organic solvents, 
halogenated and non-halogenated, have been shown to 
include the most efficient recovery rate and highest yield 
and purity with a minimum of alteration to the PHA 
structure. However, only 50,000 t of PHAs were produced 
commercially in 2017, resulting in a low market share of 
2.4% of the globally produced bioplastics [27-30]. One of 
the main reasons for the low PHA production is linked to 
high production costs due to the costs of carbon feedstocks 
and downstream processes [31]. Side and waste streams 
from the food processing industries, households and wasted 
foods in general include the potential to decrease the PHA 
production cost effectively since they are locally available 
at low prices in large quantities [32].  
2. PHA production from food wastes 
Food wastes can be divided into three major groups of (i) 
side streams of the food processing industries, (ii) 
homogeneous waste streams, and (iii) inhomogeneous food 
wastes. Various approaches have been described to use food 
wastes in PHA production (Figure 2). Depending on the 
composition, concentration, purity and the microbial 
biocatalyst used, food wastes can be used directly, after a 
pretreatment and/or a concentration step as feedstocks for 
the production of PHAs.  
2.1 Side streams of the food processing industries 
Side streams of the food processing industries provide 
several sugar-rich feedstocks such as whey, molass, starch 
and lignocellulosic biomass, which are favorable feedstocks 
for the scl-PHA production. Whey consists of 4-5% lactose 
and is produced in a 108-t scale as byproduct of dairy 
industries each year [33]. Whey can be used directly or after 
hydrolyzing to glucose and galactose as feedstocks for the 
PHA production [34]. Wildtype strains of Haloferax 
mediterranei were used in a life cycle analysis study for the 
potentially industrial PHA production from whey 
hydrolysate. Results showed that reasonable high PHA 
contents were produced per CDW of 50% (w w-1). However, 
a long culture time (> 100 h) and a low conversion rate of 
whey to PHAs from only 0.8% at pilot plant scales were two 
fundamental problems that must be solved [35]. However, 
use of halophiles in bioproduction includes many 
advantages such as tolerance to high salt concentrations, 
which allows for a semi sterile bioprocess [36]. Up to date, 
use of recombinant Escherichia (E.) coli still results in the 
best PHA production with whey as carbon source. 
Moreover, hydrolysis steps are not necessary since E. coli 
produce enzymes for the breakdown of lactose (e.g. β-
galactosidase). Ahn et al. used recombinant E. coli 
harboring the PHA production genes from Alcaligenes latus 
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concentrated whey solutions. High cell densities up to 200 
g l-1 were achieved in fed-batch cultivation systems. The 
final PHA content reached up to 87% (w w-1), which 
facilitated downstream processing [37,38]. 
 
 
Figure 2. PHA production from food wastes 
 
Molasses contain di and oligosaccharides as sucrose and 
raffinose and can directly be used as feedstocks [39]. 
However, a hydrolyzing step is necessary prior to culture for 
the plant-based materials such as starch to produce 
fermentable sugars [40]. Efficiency of this conversion is the 
main challenge for the production of value-added products 
such as PHAs [41,42]. Sugar concentration, as well as 
composition and concentration of inhibitors, in feedstocks 
(e.g., lignin and organic acids) can influence the PHA 
production. For an efficient PHA production, use of 
bacterial strains, which are capable of utilizing various 
carbohydrates in feedstocks, is important. Examples of these 
carbohydrates include sucrose, fructose, glucose and 
galactose from molasses and xylose, glucose, arabinose, 
mannose and glucuronic acid from hydrolyzed plant-based 
biomasses [39,43]. Saccharified waste potato starch was 
used to produce PHB in C. necator NCIMB 11599. Under 
phosphate limitation, a final biomass of 180 g l-1 with a PHA 
content of 53% (w w-1) was produced. Similar results were 
reported when glucose was used as control substrate [44]. 
Using molasses, scl-PHA copolymer P (HB-co-HV) can be 
produced in fed-batch cultures by the halophilic bacteria, 
Yangia sp. ND199, with a productivity rate of 0.5 g h-1. 
Sucrose concentration was constantly maintained over 20% 
(w v-1) using two various feed solutions. The first solution 
used during the first 24 h included 130 g l-1 of sucrose, yeast 
extract, peptone and salt. The second solution used up to 54 
h included similar concentrations of salt and sucrose but did 
not include peptone and yeast extract. Furthermore, 50 g l-1 
of CDW with 53% (w w-1) PHAs were produced [45]. The 
highest scl-PHA production from sucrose was reported in A. 
latus with 4 g h-1 of PHB and a total production of 68 g l-1 
during fed-batch culture [46]. The highest mcl-PHA 
production from sucrose was reached using a recombinant 
C. necator strain harboring csc genes from E. coli. A high 
PHA accumulation of 81% (w w-1) per CDW at the end of 
the fed batch culture resulted in a total PHA production of 
113 g l-1 P(HB-co-4mol%HHx) with a productivity of 1.7 g 
h-1 and a yield of 0.4 g g-1 [47]. Recently, Purama et al., used 
date molasses to control the mcl-HA concentration of P(HB-
co-HHx) copolymer from 2-28 mol% HHx when culturing 
the recombinant C. necator Re2058/pCB113 with date seed 
oil [48]. The C. necator Re2058/pCB113 is able to 
incorporate HHx and HB monomers from plant oils but only 
HB monomers are formed from fructose [49]. Furthermore, 
the strain cannot use glucose or sucrose. However, molasses 
used by Purama et al. included mainly fructose and glucose 
and contained only traces of sucrose. Since glucose was not 
consumed during the culture, HHx content of the polymer 
was regulated only through the consumption of fructose 
[48]. The Italian company, bio-on, licenses production 
plants that use sugar feedstocks with an annual capacity of 
5,000-10,000 t of PHAs (Table 1). In summer 2018, the 
company opened a special PHA production plant with an 
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annual capacity of 1,000-2,000 t, focusing on use of 
agricultural waste streams.  
 
Table 1. Industrial polyhydroxyalkanoate production from food wastes 
Company 
(founded)/country 
Carbon source PHA production capacity 
 per year 
PHA type homepage 
bio-on 
(2007)/Italy 
Sugar beet and cane  
processing wastes 





Organic waste streams  
including food wastes 
1,000–2,000 t  
Hydal 
(2012)/Czech 
Using cooking oils Starting end of 2018 with  
1,000 t potential: 10,000 t 
scl-PHA: PHB www.hydalbiotech.com 
Full Cycle Bioplastic 
(2014)/USA 
Organic waste streams  
including food wastes 
Commercial production has 
not started yet 
scl-PHA: P(HB-co-HV), 





2.2. Homogeneous waste streams  
Homogeneous waste streams containing lipids (as oils 
and fats) are favorable feedstocks for the PHA production 
(especially mcl-PHA) due to the chain length of the fatty 
acids in oils and their high carbon contents [5]. Waste frying 
oils (also known as used cooking oils) has been used as 
feedstocks [50-53]. The highest production of 138 g l-1 
P(HB-co-8mol%HV) by C.  necator H16 was achieved 
using waste rapeseed oil with propanol as HV-monomer 
precursor [51]. Stanislav Obruca is a part of the 
Czech/Chinese biotechnology company, Hydal, which 
produces PHAs from used cooking oils (Table 1). However, 
the feedstock price of used cooking oils is not much below 
the price of the available plant oils such as palm and soybean 
oils. This is seen due to the fact that the used oils can be used 
as starting materials in biodiesel industries. Used coffee 
grounds are byproducts of the coffee industries and contain 
nearly 15% (w w-1) coffee oils. Obruca et al. and Kovalcik 
et al. reviewed PHA production from the coffee waste lipid 
feedstock [54,55]. Using extracted coffee oils, 1.33 g h-1 of 
PHB and a yield of 0.82 g of PHB from 1 g oil were 
produced by wild type C. necator H16 [56]. The mcl-PHA 
P(HB-co-HHx) with a high molar content of 22 mol% HHx 
was produced from coffee waste oils using a recombinant C. 
necator strain which resulted in a PHA content of 69% (w 
w-1) per CDW [57]. In addition to plant-based vegetable 
oils, waste animal fats can be used as carbon feedstocks. 
Riedel et al. produced P(HB-co-HHx) with a HHx content 
of 19 mol% using recombinant C. necator and waste animal 
fats with high contents of free fatty acids [> 50% (w w-1)] 
[58]. The high free fatty acid contents make these fats 
unattractive for the other industrial processes, including 
biodiesel production. This is a part of the research project, 
PHABIO APP. Another research project named ANIMPOL 
focused on the production of mcl-PHA from animal waste-
based FAMES and raw glycerol, both recovered from the 
biodiesel processes with Pseudomonas citronellolis and P. 
chlororaphis as biocatalysts. Results from both projects 
showed the possibility of producing 450,000 t of PHAs 
annually (300,000 t, PHABIO APP) from the 500,000 t 
available waste lipids of the animal processing industries in 
Europe [59].  
2.2.1 VFA production from inhomogeneous food wastes  
The most common volatile fatty acids (VFAs), acetic 
acid, butyric acid and propionic acid, are widely used as 
platform chemicals in chemical and food industries to 
produce various products such as adhesive agents, food 
additives and pharmaceuticals. Nearly 90% of the VFAs are 
produced synthetically from petrochemical resources. 
However, VFAs are intermediate products of many bacteria 
in anaerobic digestion of carbon substrates during the 
formation of biogas. Atasoy et al. reviewed the status of the 
bio-based VFA production from waste streams. In addition 
to the type of substrate and microorganisms used (including 
inoculum), operation conditions such as pH, temperature, 
C/N ratio and retention time greatly influence the VFA 
production yield and composition [60]. The key goals 
include increasing the efficiency of hydrolysis for the 
acidification processes and inhibiting the activity of 
methanogens to increase the yield of VFA (e.g., adjustment 
of pH during the fermentation) [61,62]. Wang et al. 
compared VFA formation from food wastes per volatile 
suspended solids (VSS) with activated sludge at various pH 
at 30C. By the increase of pH from 4 to 6, VFA production 
increased from 124 to 918 mg (g VSS)-1 under anaerobic 
conditions. Furthermore, the ratio of VFA species changed 
with the pH. At pH 4, 80% (w w-1) of acetic acid and 20% 
(w w-1) of propionic acid were formed. At pH 6, butyric acid 
was dominant with 70% (w w-1) followed by acetic acid with 
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15% (w w-1) and valeric acid with <5% (w w-1) [63]. 
Domingos et al. developed a continuous VFA production 
process from cheese whey using immobilized mixed 
acidogenic microbial cultures (Lactobacillus, Olsenella, 
Actinomyces spp. and unclassified bacteria) in a packed bed 
anaerobic bioreactor. The process was divided into two 
sequential phases of (i) lactose conversion to lactic acid and 
(ii) lactic acid conversion to VFA. Under steady-state 
conditions, up to 3 g d-1 of VFA were produced, which 
consisted of C2-C8 carboxylic acids with high contents of up 
to 33% (w w-1) of hexanoic acid and up to 25% (w w-1) of 
octanoic acid. The VFA yield was reported as up to 0.85 g 
g-1 lactose [64,65]. 
Composition of VFA can affect PHAs produced from 
these feedstocks, depending on the biocatalysts used. Strains 
capable of scl-PHA synthesis alone produce manly HB 
monomers from all VFAs, with the exception of HV 
monomers that are incorporated into the PHAs when VFAs 
such as valeric and propionic acids are present in the 
feedstocks. However, if microorganisms are used that are 
capable of mcl-PHA synthesis, hexanoic and octanoic acids 
(see above) present in the VFA feedstocks can be used as 
substrates for the incorporation of HHx and HO monomers. 
Therefore, a controlled formation to achieve specific ratios 
of VFAs can be used to tailor the PHA compositions and 
thereby the polymer properties.  
In addition to increased bio-based VFA production from 
waste streams, many approaches of VFA recovery post 
fermentation have been described. Using electrodialysis, 
VFAs were recovered and concentrated up to 5-folds (12.6-
63 g l-1) from a continuous production process [65]. 
However, investigations are focused on In-situ recovery 
methods to increase the total VFA production since VFAs 
inhibit growth of the producer microorganisms at certain 
concentrations [60]. Moreover, reduced fermentation times 
for the VFA formation have been reported when using in-
situ recovery methods [66]. 
2.2.2 VFA from inhomogeneous food wastes for PHA 
production 
As reviewed previously, concentrated VFA solutions, alone 
or mixed, have been used to produce scl-PHA with wild-
type or recombinant strains of C. necator. Generally, PHB 
and P(HB-co-HV) (if valeric acid was present) with HV 
concentrations up to 99 mol% were accumulated. High 
productivities of >1 g h-1 with PHA contents up to 73% (w 
w-1) were reached using pH controlled feeding of VFAs [5]. 
Concentrated VFA solutions produced from cheese whey as 
described above [64,65] have been used for the PHA 
accumulation using wild-type C. necator strains, which can 
only produce scl-PHA. A high yield of 0.6 g of PHA per 
gram of VFA with a high PHA content per CDW of 71% (w 
w-1) with a molar composition of 94 mol% of HB and 6 
mol% of HV were produced after 52 h of fed-batch 
culturing. However, the total biomass was low, only 15 g l-1 
[65].  
Use of mixed microbial cultures (MMC) can help reduce the 
overall cost of PHA production due to the fact that sterile 
environments are not necessary. The general PHA 
production process using MMC is divided into four major 
steps of (i) acidogenic fermentation of organic substrates to 
form VFAs, (ii) enrichment of MMC biomasses able to 
produce PHAs using feast-famine cycling, (iii) 
accumulation of PHAs in MMC biomasses, and (iv) 
recovery of PHAs [67].  
After oil separation, canteen wastes with organic loads of 
18 kg of chemical oxygen demand (COD) (M3 day)-1 were 
used in a multistage process for the bio hydrogen and PHA 
productions. In the first stage, VFAs were produced during 
anaerobic fermentation with MMC acquired from a 
wastewater treatment plant for 48 h, resulting in a 
biohydrogen production of 60 l after 24 h, and 4 g l-1 of 
VFAs after 48 h. Then, pH of the VFA solution was adjusted 
from 4 to 8 prior to use as feed for aerobic MMC obtained 
from a sequencing bioreactor (SBR) pilot reactor of the 
wastewater treatment plant under feast and famine 
conditions for the enrichment of PHA producing organisms. 
The VFA solution was supplemented with ammonium and 
phosphate to maintain a C:N:P ratio of 100:8:1 during feast 
conditions. After a 12 or 24-h cycle, nearly half of the 
biomass was transferred to another reactor, where VFA 
solution was fed without additional nutrient supple-
mentation for the PHA production for 12–24 h. Shortening 
the cycle time resulted in increased PHA accumulation. A 
maximum PHA content of 24% (w w-1) per CDW was 
reached after 12 h in the PHA reactor with a storage yield of 
0.17 g of PHACOD g-1 WWCOD. The storage yield was 
calculated as the ratio of stored polymer quantities at the end 
of the cycle to COD quantities consumed in the wastewater 
[68].  
In general, PHAs from MMCs can vary in quality due to 
the various PHA producers in mixed cultures. Furthermore, 
when inhomogeneous food wastes from households or 
restaurants are used as carbon sources, their changed 
contents of carbohydrates, lipids and proteins can result in 
PHA product variability. After the recovery, a blend of 
PHAs with varying monomer contents and molecular 
weights is resulted, which influences properties and 
processing behaviors of the polymers [69]. However, the 
company, Full Cycle Bioplastics LLC, claims to produce a 
consistent polymer output from heterogeneous mixed 
organic waste streams under non-sterile, industrial operating 
environments with non-GMO bacteria (Table 1). The co-
founders of the company, Dane and Jeff Anderson, patented 
the production of scl-PHA polymers P(HB-co-HV) and 
P(HB-co-HV-co-LA) with controllable monomer contents 
from various organic waste streams [70]. The carbon 
sources may include algae, vegetable fats and oils, corn 
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starches, agricultural wastes, food wastes, trash sluices and 
other biomass processing by-products such as glycerol. The 
highlight of the bioprocess includes a system to generate 
VFA mixtures with a desired composition to reach 
consistent polymer outputs. Organic waste streams are 
separated or mixed with each other, depending on the 
composition, before they are used for the VFA production. 
Prior to VFA production, waste streams can undergo a 
liquefaction process through enzyme and/or bacterial 
digestion (e.g., cellulose hydrolysis for starches). The VFA 
production process may be carried out using acid-phase 
anaerobic digestion, hydrolysis, bacterial fermentation or 
combinations of these techniques. Obligatory anaerobic 
acidogenic bacteria of the following genera are used, 
including Pseudomonas, Bacillus, Clostridium, Micro-
coccus and Flavobacterium. Depending on the individual 
acid composition, VFA-rich liquids are further fermented in 
polishing tanks to shift fermentation process to produce 
shorter-chain VFAs or allow longer-chain VFA molecules 
to remain. This can be occurred using control of 
fermentation time and pH adjustment. A relatively low-pH 
set point of 4-5 inhibits VFA producing bacteria to produce 
feedstocks with larger proportions of longer-chain VFAs. 
However, with an extended fermentation time at higher pH 
set points of 5–6.5, all acids are metabolized to acetic acids. 
Fermentation time is stopped when approximate target 
mixtures of VFA concentrations (or ratios) are reached. 
Desired VFA ratios (or concentrations) can be reached using 
separation of the target VFAs through dilutions or additions 
of previously separated VFAs (or lactic acids). Separation 
of a target VFA is carried out using several filtration 
systems, including membrane and electromagnetic 
filtrations.  
Described VFA mixtures of 10-30 g l-1 are then used for 
the PHA production from MMCs. A C/N ratio of 6-10 is 
used in SBR tanks under feast-famine cycles to enrich PHA 
production biomasses. A cycle time of 6-36 h is used under 
controlled pH set points of 7-9. Nitrogen is fed as ammonia 
over the pH control. After enrichment, the biomass is 
transferred into the PHA production tank, which is operated 
for approximately 4 h with a C/N ratio of 10-20 under 
aerated conditions. Nitrogen and/or VFAs are fed for further 
cell growth and PHA production. With depletion of 
nitrogen, the PHA production phase starts. Generally, PHA 
accumulation is triggered by stopping the airflow into the 
reactor, causing oxygen limitation. After PHA production, 
the biomass is separated (e.g., through centrifugation) and 
dried by heating. Intracellular PHA contents of 50–90% (w 
w-1) are reached. The dried biomass is transported to a 
processing facility, where they undergo various levels of 
extraction and purification processes tailored to various end 
uses. Normally, P(HB-co-10wt%HV), P(HB-co-
wt22%HV), P(HB-co-wt33%HV), P(HB-co-wt6%HV-co-
1wt%LA), P(HB-co-25wt%HV-co-25wt%LA) and P(HB-
co-10wt%HV-co-40wt%LA) are some examples of 
biopolymer portfolios. One of these examples, P (HB-co-
33wt%-HV) is produced from a VFA mixture of 58% (w w-
1) of acetic acid, 33% (w w-1) of propionic acid and 9% (w 
w-1) of isobutyric acid, where the HV content is dictated by 
the quantity of propionic acid in the VFA feed. In addition 
to PHA production, side-streams of VFA production or 
organic waste separation are used in other processes such as 
biofuel, biogas and biodegradable road salt (calcium 
magnesium acetate) productions. [70].  
3. Food wastes as resources for PHA 
production 
Any food processing end-product that is not consumed, 
recycled or used for other purposes is considered as waste. 
Over one billion tons of food wastes are generated 
worldwide every year [71,72]. In Europe, nearly 89 million 
tons of foods are wasted each year; with over 80% of this 
coming from the manufacture/production and household 
sectors (municipal wastes). Therefore, food wastes are 
produced at every stage of the supply chain [73]. In 2013 in 
USA, approximately 37 million tons of foods ended up in 
municipal waste systems [74]. These wastes include high 
moisture and biodegradability and can make significant 
disposal problems and adverse environmental impacts if 
landfilled [75]. While composition of food wastes can vary, 
it is clear that abundant usable carbons are present in these 
waste streams. An estimation of organic household wastes 
was shown to contain nearly 550 kg  t-1 of carbohydrates, 
120 kg t-1 of lipids and 55 kg t-1 of proteins [71]. 
Carbohydrates and proteins in wastes can be converted into 
sugars and amino acids, respectively. These recovered 
nutrients can be used as feedstocks in industrially relevant 
microbial cultures for the production of value added 
products. Bioconversion processes have been developed for 
the microbial production of various small-molecule 
bioproducts such as ethanol, butanol and biocolorant 
compounds [76-78].  
It is worthy to point out differences between industrial 
and household food wastes, especially if the purpose is to 
use these wastes as feedstocks in bioprocesses. Agricultural 
and food processing wastes are further predictable in 
volume and composition than household wastes are. Waste 
from agricultural and food processing industries are 
generated in a further concentrated manner and hence are 
easier to collect and use as feedstocks in valorization [73]. 
As described earlier, many types of food processing wastes 
have been used for the production of PHA bioplastics. 
Household food wastes and disposals are challenging and 
costly, especially in dense urban areas. As landfilling 
becomes a less attractive option for the disposal of food 
wastes, alternative methods such as local and household 
recycling and incineration for the energy production are 
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become further popular. According to the former fact, two 
types of social recycling systems have been suggested to 
solve the food waste problem. One includes translocation of 
food waste recycle streams to regional facilities and the 
other includes in-household food waste recycling machines 
[79]. While both methods include advantages and 
disadvantages, products from these processes (or the food 
waste powders) can be collected and their nutrients used for 
fermentative valorization. Production of these recycled food 
waste powders result in streams that are significantly 
reduced in overall masses and thus more transportable and 
less susceptible to rapid degradation (rotting) and odor 
production in the absence of water. In recent years, many 
city managers have attempted to subsidize the household 
food waste recycling processes to minimize the overall mass 
and volume of the wastes in metropolitans [72,79].  
4. Feasibility of PHA production from 
household food wastes 
For a successful biorefinery, the process must be adapted 
to the market needs and bulk biochemical productions 
driven by supply/demand issues as well as scales of the 
economy. Production of commodity products from food 
waste streams may not be feasible in some cases because the 
low market prices of these products (or competing products) 
require large production capacities in industrial-scale plants. 
This issue is seen in PHA production since PHAs are 
competing with relatively inexpensive, traditional 
petroleum-based polymers as bio-based, biodegradable 
thermoplastics. Therefore, development of scalable, 
inexpensive PHA production processes is necessary to 
compete with these traditional thermoplastics. There are two 
significant problems that hinder the cost competitiveness of 
PHAs, including cost of the carbon feedstocks for microbial 
culture and downstream process of the polymers [74]. Use 
of food wastes as carbon feedstocks can address the former 
problem as long as waste collection and transportation costs 
are not a hindrance.  
The PHA production from organic municipal solid 
wastes has been demonstrated using conversion of wastes 
into organic acids and subsequent conversion of the organic 
acids into PHAs, specifically poly (hydroxybutyrate-co-
hydroxyvalerate) [P (HB-co-HV)]. The best case yield from 
this process has been shown as nearly 33 g of PHAs (kg 
waste)-1 [75]. Similar bioconversions have been carried out, 
using palm oil mill effluents to produce organic acid 
feedstocks [80]. Huschner et al. developed a high-cell 
density cultivation method to produce P(HB-co-HV) from 
mixed organic acids using a dual acid/acid salt feeding 
method [81]. To the best of the authors' knowledge, a 
technoeconomic analysis of PHA production from 
municipal food wastes has not been published yet. 
Fermentative lactic acid (LA) and polylactate (PLA) 
production strategies have been described using municipal 
food wastes as carbon source. Venus et al. investigated LA 
synthesis using two different production approaches of a 
one-step approach using simultaneous hydrolysis of 
macromolecules found in food wastes and fermentation of 
hydrolysates and another two-step approach that separated 
the hydrolysis of waste carbons and subsequent 
fermentation of bioavailable carbons into separate steps. A 
one-step LA production scheme involving simultaneous 
saccharification and fermentation (SSF) is suggested for 
onsite use of waste carbon sources (e.g., potentially at food 
processing facilities where large amounts of wastes are 
collected). The two-step LA production method is more 
appropriate for offsite production facilities (e.g., when 




Figure 3. Lactic acid/lactide/polylactate production scenarios studied by Kwan et al. [72]. Municipal food wastes are pretreated onsite (at 
homes) using a food waste processing machine. Food waste powders are transported to a processing facility for further pretreatment and 
breakdown of polysaccharides, proteins and other macromolecules by Aspergillus spp. Then, hydrolysates are used as carbon feedstocks for 
fermentation by Lactobacillus spp. to produce lactic acid. Streams consisting of 80% of lactic acid are recovered and purified (Scenario I). 
Then, lactic acids are converted chemically to lactide using zinc oxide catalysts (Scenario II). Lactide can be a special product or further 
converted to polylactate. Lactide is converted chemically to polylactate using stannous octoate catalysts (Scenario III). 
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Kwan et al. analyzed production of LA, lactide and PLA 
using municipal food wastes. The three products repr-
esented three scenarios in the technoeconomic analysis 
used. Food wastes were first pretreated using commercial 
waste processing machines to produce food waste powders. 
These food waste powders were then hydrolyzed in cultures 
of Aspergillus spp. to produce fermentable carbon sources. 
The LA was produced by L. casei using food waste 
hydrolysates by the Aspergillus spp. as the major carbon 
source. In other scenarios, LA was chemically converted to 
lactide and then lactide to PLA (Figure 3). Mass balances 
showed yields of 3.1 Mt of 80% LA, 1.7 Mt of lactide and 
1.3 Mt of PLA. The authors showed that all scenarios were 
economically feasible but the scenario producing only LA 
from municipal food waste carbons was potentially the most 
profitable [72]. 
5. Conclusion  
Challenges for the large-scale industrial PHA production 
have always been centered on the selection of carbon 
feedstocks (e.g., costs) and polymer recovery methods. Use 
of food wastes, food processing wastes, treated processing 
wastes and municipal wastes as carbon feedstocks helps to 
address one of these challenges. Many studies have been 
carried out to find applicable solutions to decrease PHA 
production costs. Indeed, companies proclaim to solve the 
cost problem with patented methods. However, these 
proclaims remain to be practically verified.  
What have been pointed out in this review include 
technology and innovation which are motivating the 
bioeconomy. As we strive to become cleaner, greener 
societies with lesser wastes and further recycles, processes 
such as those described here can help achieve these 
purposes. Relatively, PHAs are useful biodegradable raw 
materials which can be used for the recycle of waste 
streams. Similarly, VFAs are valuable materials which play 
multiple roles in industries, especially as feedstocks for the 
PHA production. These feed materials can help food 
industries to transform wasted carbons to value added 
products. 
The future of bio-based production industries is promising 
which needs innovations. Implementation of processes and 
products require good knowledge of industrial strategy and 
ecology. Wastes should be used as feedstocks, but must be 
eliminated from the bio-based processes. For example, it is 
more efficient to process cells filled with PHAs onsite, than 
to ship them to other locations via roads or railroads. 
Outlooks for the PHA production must be (or at least should 
be) focused on providing a central environment for all steps 
of the production process, as well as closing the production 
loop and using waste materials. 
 
6. Conflict of interest  
The authors declare no conflict of interest. 
References 
1.  Obruca S, Sedlacek P, Koller M, Kucera D, Pernicova I. 
Involvement of polyhydroxyalkanoates in stress resistance of 
microbial cells: Biotechnological consequences and 
applications. Biotechnol Adv. 2018; 36: 856-870.  
doi:10.1016/j.biotechadv.2017.12.006 
2.  Steinbuchel A. Polyhydroxyalkanoic Acids. In: Biomater. 
Nov. Mater. Springer; Germany, 1991: pp.123-213.  
doi:10.1007/978-1-349-11167-1_3 
3.  Brigham CJ, Budde CF, Holder JW, Zeng Q, Mahan AE, Rha 
CK, Sinskey AJ. Elucidation of β-oxidation pathways in 
Ralstonia eutropha H16 by examination of global gene 
expression. J Bacteriol. 2010; 192: 5454-5464.  
doi: 10.1128/JB.00493-10 
4.  Riedel SL, Bader J, Brigham CJ, Budde CF, Yusof ZAM, Rha 
C, Sinskey AJ. Production of poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) by Ralstonia eutropha in high cell density 
palm oil fermentations. Biotechnol Bioeng. 2012; 109: 74-83.  
doi:10.1002/bit.23283 
5.  Riedel SL, Lu J, Stahl U, Brigham CJ. Lipid and fatty acid 
metabolism in Ralstonia eutropha: Relevance for the 
biotechnological production of value-added products. Appl 
Microbiol Biotechnol. 2014;98:1469-1483.  
doi: 10.1007/s00253-013-5430-8 
6.  Sudesh K, Abe H, Doi Y. Synthesis, structure and properties 
of polyhydroxyalkanoates: Biological polyesters. Prog Polym 
Sci. 2000; 25(10): 1503-1555 
doi: 10.1016/S0079-6700(00)00035-6 
7.  Reinecke F, Steinbuchel A. Ralstonia eutropha strain H16 as 
model organism for PHA metabolism and for biotechnological 
production of technically interesting biopolymers. J Mol 
Microbiol Biotechnol. 2008; 16: 91-108.  
doi: 10.1159/000142897 
8.  Wilde E. Untersuchungen uber Wachstum und Speich-
erstoffsynthese von Hydrogenomonas. Arch fur Mikrobiol. 
1962; 43: 109-137.  
doi: 10.1007/BF00406429 
9.  James BW, Mauchline WS, Dennis PJ, Keevil W, Wait R, 
Keevil CW. Poly-3-Hydroxybutyrate in Legionella pne-
umophila , an energy source for survival in low-nutrient 
environments poly-3-hydroxybutyrate in Legionella pne-
umophila , an energy source for survival in low-nutrient 
environments. Appl Environ Microbiol. 1999; 65: 822-827. 
10.  Qi Q, Rehm BHA. Polyhydroxybutyrate biosynthesis in 
Caulobacter crescentus: Molecular characterization of the 
polyhydroxybutyrate synthase. Microbiol. 2001; 47: 3353-
3358  
doi: 10.1099/00221287-147-12-3353 
11.  Rehm BHA, Kruger N, Steinbuchel A. A new metabolic link 
between fatty acid de novo synthesis and polyhydroxyalkanoic 




12.  Hoffmann N, Steinbuchel A, Rehm BHA. The Pseudomonas 
aeruginosa phaG gene product is involved in the synthesis of 
polyhydroxyalkanoic acid consisting of medium-chain-length 
constituents from non-related carbon sources. FEMS 
Microbiol Lett. 2000;184:253-259.  
 PHA from Food Waste___________________________________________________________________________________________________________ 
 
Appl Food Biotechnol, Vol. 6, No. 1 (2019) _______________________________________________________________________________________15  
 
doi: 10.1111/j.1574-6968.2000.tb09023.x 
13.  Hoffmann N, Steinbuchel A, Rehm BHA. Homologous 
functional expression of cryptic phaG from Pseudomonas 
oleovorans establishes the transacylase-mediated poly-
hydroxyalkanoate biosynthetic pathway. Appl Microbiol 
Biotechnol. 2000;54:665-670.  
doi: 10.1007/s002530000441 
14.  Rehm BHA. Polyester synthases: Natural catalysts for plastics. 
Biochem J. 2003; 376: 15-33.  
doi: 10.1042/bj20031254 
15.  Wong YM, Brigham CJ, Rha CK, Sinskey AJ, Sudesh K. 
Biosynthesis and characterization of polyhydroxyalkanoate 
containing high 3-hydroxyhexanoate monomer fraction from 
crude palm kernel oil by recombinant Cupriavidus necator. 
Bioresour Technol. 2012; 121:3 20-327.  
doi: 10.1016/j.biortech.2012.07.015 
16.  Fukui T, Abe H, Doi Y. Engineering of Ralstonia eutropha for 
production of poly(3-hydroxybutyrate-co-3-hydroxyhexa-
noate) from fructose and solid-state properties of the 
copolymer. Biomacromolecules. 2002; 3: 618-624.  
doi: 10.1021/bm0255084 
17.  Emadian SM, Onay TT, Demirel B. Biodegradation of 
bioplastics in natural environments. Waste Manag. 2017; 59: 
526-536.  
doi:10.1016/j.wasman.2016.10.006 
18.  Brigham CJ, Sinskey AJ. Applications of Polyhydroxy-
alkanoates in the Medical Industry. Int J Biotechnol Wellness 
Ind. 2012; 1: 53-60. 
19.  Keshavarz T, Roy I. Polyhydroxyalkanoates: bioplastics with 
a green agenda. Curr Opin Microbiol. 2010; 13: 321-326.  
doi: 10.1016/j.mib.2010.02.006 
20.  Sudesh K, Bhubalan K, Chuah JA, Kek YK, Kamilah H, 
Sridewi N, Lee YF. Synthesis of polyhydroxyalkanoate from 
palm oil and some new applications. Appl Microbiol 
Biotechnol. 2011;89:1373-1386.  
doi: 10.1007/s00253-011-3098-5 
21.  Chen GQ. A microbial polyhydroxyalkanoates (PHA) based 
bio- and materials industry. Chem Soc Rev. 2009; 38: 2434-
2446.  
doi: 10.1039/b812677c 
22.  Boyandin AN, Kazantseva EA, Varygina DE, Volova TG. 
Constructing slow-release formulations of ammonium nitrate 
fertilizer based on degradable Poly(3-hydroxybutyrate). J 
Agric Food Chem. 2017; 65: 6745-6752.   
 doi: 10.1021/acs.jafc.7b01217 
23.  Madkour MH, Heinrich D, Alghamdi MA, Shabbaj II, 
Steinbüchel A. PHA recovery from biomass. Biomacro-
molecules. 2013;14:2963-2972.  
doi: 10.1021/bm4010244 
24.  Koller M, Niebelschutz H, Braunegg G. Strategies for recovery 
and purification of poly[(R)-3-hydroxyalkanoates] (PHA) 
biopolyesters from surrounding biomass. Eng Life Sci. 
2013;13:549-562.   
doi: 10.1002/elsc.201300021 
 
25.  Ong SY, Kho HP, Riedel SL, Kim SW, Gan CY, Taylor TD, 
Sudesh K. An integrative study on biologically recovered 
polyhydroxyalkanoates (PHAs) and simultaneous assessment 
of gut microbiome in yellow mealworm. J Biotechnol. 2018; 
265: 31-39. 
doi: 10.1016/j.jbiotec.2017.10.017 
26.  Ong SY, Zainab LI, Pyary S, Sudesh K. A novel biological 
recovery approach for PHA employing selective digestion of 
bacterial biomass in animals. Appl Microbiol Biotechnol. 
2018; 102: 2117-2127.  
doi: 10.1007/s00253-018-8788-9 
27.  Ramsay JA, Berger E, Voyer R, Chavarie C, Ramsay BA. 
Extraction of poly-3-hydroxybutyrate using chlorinated 
solvents. Biotechnol Tech. 1994;8:589-594.  
doi: 10.1007/BF00152152 
28.  Jiang G, Johnston B, Townrow DE, Radecka I, Koller M, 
Chaber P, Adamus G, Kowalczuk M. Biomass extraction using 
non-chlorinated solvents for biocompatibility improvement of 
polyhydroxyalkanoates. Polym. 2018; 10: 731  
doi: 10.3390/polym10070731 
29.  Riedel SL, Brigham CJ, Budde CF, Bader J, Rha C, Stahl U, 
Sinskey AJ. Recovery of poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) from Ralstonia eutropha cultures with 
non-halogenated solvents. Biotechnol Bioeng. 2013; 101: 461-
470. 
doi: 10.1002/bit.24713 
30.  European Bioplastics. Bioplastics market data 2017 - Global 
production capacities of bioplastics 2017. 
https://www.european-bioplastics.org/news/publications/. 
[Accessed 21 November 2017] 
31.  Mozejko-Ciesielska J, Kiewisz R. Bacterial polyhydroxy-
alkanoates: Still fabulous? Microbiol Res. 2016; 192: 271-282.  
doi: 10.1016/j.micres.2016.07.010 
32.  Ravindran R, Jaiswal AK. Exploitation of food industry waste 
for high-value products. Trends Biotechnol. 2016; 34: 58-69.  
doi: 10.1016/j.tibtech.2015.10.008 
33.  Ryan MP, Walsh G. The biotechnological potential of whey. 
Rev Environ Sci Biotechnol. 2016;15:479-498.  
doi: 10.1007/s11157-016-9402-1 
34.  Koller M, Atlic A, Gonzalez-Garcia Y, Kutschera C, Braunegg 
G. Polyhydroxyalkanoate (PHA) biosynthesis from whey 
lactose. Macromol Symp. 2008; 272: 87-92.  
doi: 10.1002/masy.200851212 
35.  Koller M, Sandholzer D, Salerno A, Braunegg G, Naro-
doslawsky M. Biopolymer from industrial residues: Life cycle 
assessment of poly(hydroxyalkanoates) from whey. Resour 
Conserv Recycl. 2013;73:64-71.  
doi: 10.1016/j.resconrec.2013.01.017 
36.  Zhang X, Lin Y, Chen GQ. Halophiles as chassis for 
bioproduction. Adv Biosyst. 2018; 1800088: 1800088.  
doi: 10.1002/adbi.201800088 
37.  Ahn WS, Park SJ , Lee SY. Production of poly ( 3-
Hydroxybutyrate ) by fed-batch culture of recombinant 
Escherichia coli with a highly concentrated whey solution. 




38.  Ahn WS, Park SJ, Lee SY. Production of poly ( 3-
hydroxybutyrate ) from whey by cell recycle fed-batch culture 
of recombinant Escherichia coli. Biotechnol Lett. 2001; 23: 
235-240.  
doi: 10.1023/A:1005633418161 
39.  Solaiman DKY, Ashby RD, Foglia TA, Marmer WN. 
Conversion of agricultural feedstock and coproducts into 
poly(hydroxyalkanoates). Appl Microbiol Biotechnol. 2006; 
Christopher J. Brigham and Sebastian L. Riedel_______________________________________________________________________________________ 
 
16_______________________________________________________________________________________ Appl Food Biotechnol, Vol. 6, No. 1 (2019)  
 
71: 783-789.  
doi: 10.1007/s00253-006-0451-1 
40.  Fitz Patrick M, Champagne P, Cunningham MF, Whitney RA. 
A biorefinery processing perspective: Treatment of ligno-
cellulosic materials for the production of value-added 
products. Bioresour Technol. 2010; 101: 8915-8922.  
doi: 10.1016/j.biortech.2010.06.125 
41.  Fava F, Totaro G, Diels L, Reis M, Duarte J, Carioca OB, 
Poggi-Varaldo HM, Ferreira BS. Biowaste biorefinery in 
Europe: Opportunities and research and development needs. N 
Biotechnol. 2015; 32: 100-108.  
doi: 10.1016/j.nbt.2013.11.003 
42.  Lynd LR, Laser MS, Bransby D, Dale BE, Davison B, 
Hamilton R, Himmel M, Keller M, McMillian JD, Sheehan J, 
Wyman CE. How biotech can transform biofuels. 2008; 26: 
169-172.  
doi: 10.1038/nbt0208-169 
43.  Salgaonkar BB, Braganca JM. Utilization of sugarcane 
bagasse by Halogeometricum borinquense strain E3 for 
biosynthesis of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate). Bioengineering. 2017;4:50.  
doi: 10.3390/bioengineering4020050 
44.  Haas R, Jin B, Zepf FT. Production of poly(3-
hydroxybutyrate) from waste potato starch. Biosci Biotechnol 
Biochem. 2008;72:253-256.  
doi: 10.1271/bbb.70503 
45.  Thuoc D Van, Phong TH, Khuong DM. A fed-batch 
fermentation process for poly (3-hydroxybutyrate-co-3-
hydroxyvalerate) production by Yangia sp. ND199 using 
molasses as substrate.Acad J Biol. 2015;37:325-331.   
doi: 10.15625/0866-7160/v37n3.6465 
46.  Yamane T, Fukunaga M, Lee YW. Increased PHB productivity 
by high-cell-density fed-batch culture of Alcaligenes latus, a 
growth-associated PHB producer. Biotechnol Bioeng. 1996; 
50: 197-202.  
doi: 10.1002/(SICI)1097-0290(19960420)50:2<197::AID-
BIT8>3.0.CO;2-H 
47.  Arikawa H, Matsumoto K, Fujiki T. Polyhydroxyalkanoate 
production from sucrose by Cupriavidus necator strains 
harboring csc genes from Escherichia coli W. Appl Microbiol 
Biotechnol. 2017; 101: 7497-7507.  
doi: 10.1007/s00253-017-8470-7 
48.  Purama RK, Al-Sabahi JN, Sudesh K. Evaluation of date seed 
oil and date molasses as novel carbon sources for the 
production of poly(3Hydroxybutyrate-co-
3Hydroxyhexanoate) by Cupriavidus necator H16 Re 
2058/pCB113. Ind Crop Prod. 2018;119:83-92.  
doi: 10.1016/j.indcrop.2018.04.013 
49.  Budde CF, Riedel SL, Willis LB, Rha C, Sinskey AJ. 
Production of poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) from plant oil by engineered Ralstonia 
eutropha strains. Appl Environ Microbiol. 2011; 77: 2847-
2854.  
 doi: 10.1128/AEM.02429-10 
50.  Kourmentza C, Costa J, Azevedo Z, Servin C, Grandfils C, De 
Freitas V, Reis MAM. Burkholderia thailandensis as a 
microbial cell factory for the bioconversion of used cooking oil 
to polyhydroxyalkanoates and rhamnolipids. Bioresour 
Technol. 2018; 247: 829-837.  
doi: 10.1016/j.biortech.2017.09.138 
51.  Obruca S, Marova I, Snajdar O, Mravcova L, Svoboda Z. 
Production of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
by Cupriavidus necator from waste rapeseed oil using 
propanol as a precursor of 3-hydroxyvalerate. Biotechnol Lett. 
2010; 32: 1925-1932.  
doi: 10.1007/s10529-010-0376-8 
52.  Benesova P, Kucera D, Marova I, Obruca S. Chicken feather 
hydrolysate as an inexpensive complex nitrogen source for 
PHA production by Cupriavidus necator on waste frying oils. 
Lett Appl Microbiol. 2017;65:182-188.  
doi: 10.1111/lam.12762 
53.  Kamilah H, Al-Gheethi A, Yang TA, Sudesh K. The use of 
palm oil-based waste cooking oil to enhance the production of 
polyhydroxybutyrate [P(3HB)] by Cupriavidus necator H16 
strain. Arab J Sci Eng. 2018;43:3453-3463. 
doi: 10.1007/s13369-018-3180-8 
54.  Obruca S, Benesova P, Kucera D, Petrik S, Marova I. 
Biotechnological conversion of spent coffee grounds into 
polyhydroxyalkanoates and carotenoids. New Biotechnol. 
2015; 32: 569-574.  
doi: 10.1016/j.nbt.2015.02.008 
55.  Kovalcik A, Obruca S, Marova I. Valorization of spent coffee 
grounds: A review. Food Bioprod Process. 2018; 110: 104-
119.  
doi: 10.1016/j.fbp.2018.05.002 
56.  Obruca S, Benesova P, Petrik S, Oborna J, Prikryl R, Marova 
I. Production of polyhydroxyalkanoates using hydrolysate of 
spent coffee grounds. Process Biochem. 2014; 49: 1409-1414.  
doi: 10.1016/j.procbio.2014.05.013 
57.  Bhatia SK, Kim JH, Kim MS, Kim J, Hong JW, Hong YG, 
Kim HJ, Jeon JM, Kim SH, Ahn J, Lee H, Yang YH. 
Production of (3-hydroxybutyrate-co-3-hydroxyhexanoate) 
copolymer from coffee waste oil using engineered Ralstonia 
eutropha. Bioprocess Biosyst Eng. 2018; 41: 229-235.  
doi: 10.1007/s00449-017-1861-4 
58.  Riedel SL, Jahns S, Koenig S, Bock MC, Brigham CJ, Bader 
J, Stahl U. Polyhydroxyalkanoates production with Ralstonia 
eutropha from low quality waste animal fats. J Biotechnol. 
2015; 214: 119-127.  
doi: 10.1016/j.jbiotec.2015.09.002 
59.  Koller M, Braunegg G. Advanced approaches to produce 
polyhydroxyalkanoate (PHA) biopolyesters in a sustainable 
and economic fashion. EuroBiotech J. 2018; 2: 89-103. 
doi:10.2478/ebtj-2018-0013  
60.  Atasoy M, Owusu-Agyeman I, Plaza E, Cetecioglu Z. Bio-
based volatile fatty acid production and recovery from waste 
streams: Current status and future challenges. Bioresource 
Technol. 2018; 268: 773-786 
doi: 10.1016/j.biortech.2018.07.042 
61.  Liu H, Han P, Liu H, Zhou G, Fu B, Zheng Z. Full-scale 
production of VFAs from sewage sludge by anaerobic alkaline 
fermentation to improve biological nutrients removal in 
domestic wastewater. Bioresour Technol. 2018; 260: 105-114. 
 doi: 10.1016/j.biortech.2018.03.105 
62.  Yuan H, Chen Y, Zhang H, Jiang S, Zhou Q, Gu G. Improved 
bioproduction of short-chain fatty acids (SCFAs) from excess 
sludge under alkaline conditions. Environ Sci Technol. 2006; 
40: 2025-2029.  
doi: 10.1021/es052252b 
63.  Wang K, Yin J, Shen D, Li N. Anaerobic digestion of food 
waste for volatile fatty acids (VFAs) production with different 
types of inoculum: Effect of pH. Bioresour Technol. 2014; 
161: 395-401.  
doi: 10.1016/j.biortech.2014.03.088 
 PHA from Food Waste___________________________________________________________________________________________________________ 
 
Appl Food Biotechnol, Vol. 6, No. 1 (2019) _______________________________________________________________________________________17  
 
64.  Domingos JMB, Martinez GA, Scoma A, Fraraccio S, 
Kerckhof FM, Boon N, Reis MAM, Fava F, Bertin L. Effect 
of operational parameters in the continuous anaerobic 
fermentation of cheese whey on titers, yields, productivities, 
and microbial community structures. ACS Sustain Chem Eng. 
2017;5:1400-1407.  
doi: 10.1021/acssuschemeng.6b01901 
65.  Domingos JMB, Puccio S, Martinez GA, Amaral N, Reis 
MAM, Bandini S, Fava F, Bertin L. Cheese whey integrated 
valorisation: Production, concentration and exploitation of 
carboxylic acids for the production of polyhydroxyalkanoates 
by a fed-batch culture. Chem Eng J. 2018; 336: 47-53.  
doi: 10.1016/j.cej.2017.11.024 
66.  Arslan D, Zhang Y, Steinbusch KJJ, Diels L, Hamelers HVM, 
Buisman CJN, De Wever H. In-situ carboxylate recovery and 
simultaneous pH control with tailor-configured bipolar 
membrane electrodialysis during continuous mixed culture 
fermentation. Sep Purif Technol. 2017;175:27-35.  
doi: 10.1016/j.seppur.2016.11.032 
67.  Valentino F, Morgan-Sagastume F, Campanari S, Villano M, 
Werker A, Majone M. Carbon recovery from wastewater 
through bioconversion into biodegradable polymers. New 
Biotechnol. 2017;37:9-23.  
 doi: 10.1016/j.nbt.2016.05.007 
68.  Amulya K, Jukuri S, Venkata Mohan S. Sustainable multistage 
process for enhanced productivity of bioplastics from waste 
remediation through aerobic dynamic feeding strategy: 
Process integration for up-scaling. Bioresource Technol. 2015; 
188: 231-239. 
 doi: 10.1016/j.biortech.2015.01.070 
69.  Koller M, Marsalek L, de Sousa Dias MM, Braunegg G. 
Producing microbial polyhydroxyalkanoate (PHA) 
biopolyesters in a sustainable manner. New Biotechnol 2017; 
37: 24-38.  
doi:10.1016/j.nbt.2016.05.001 
70.  Anderson JH, Anderson DH. Producing resins from organic 
waste products. 2016; U.S. Patent Application No. 14/947,873. 
71.  Venus J, Fiore S, Demichelis F, Pleissner D. Centralized and 
decentralized utilization of organic residues for lactic acid 
production. J Clean Prod. 2018; 172: 778-785. 
 doi: 10.1016/j.jclepro.2017.10.259 
72.  Kwan TH, Hu Y, Lin CSK. Techno-economic analysis of a 
food waste valorisation process for lactic acid, lactide and 
poly(lactic acid) production. J Clean Prod. 2018; 181: 72-87.  
doi: 10.1016/j.jclepro.2018.01.179 
73.  Lin CSK, Pfaltzgraff LA, Herrero-Davila L, Mubofu EB, 
Abderrahim S, Clark JH, Koutinas AA, Kopsahelis N, 
Stamatelatou K, Dickson F, Thankappan S, Mohamed Z, 
Brocklesby R, Lugue R. Food waste as a valuable resource for 
the production of chemicals, materials and fuels. Current 
situation and global perspective. Energy Environ Sci. 2013; 6: 
426-464.  
doi: 10.1039/c2ee23440h 
74.  Nielsen C, Rahman A, Rehman AU, Walsh MK, Miller CD. 
Food waste conversion to microbial polyhydroxyalkanoates. 
Microb Biotechnol. 2017; 10: 1338-1352.  
doi: 10.1111/1751-7915.12776 
75.  Colombo B, Favini F, Scaglia B, Sciarria TP, D’Imporzano G, 
Pognani M, Alekseeva A, Eisele G, Cosentino C, Adani F. 
Enhanced polyhydroxyalkanoate (PHA) production from the 
organic fraction of municipal solid waste by using mixed 
microbial culture. Biotechnol Biofuels. 2017; 10: 201  
doi: 0.1186/s13068-017-0888-8 
76.  Uckun Kiran E, Liu Y. Bioethanol production from mixed food 
waste by an effective enzymatic pretreatment. Fuel. 2015; 159: 
463-469.  
doi: 10.1016/j.fuel.2015.06.101 
77.  Huang H, Singh V, Qureshi N. Butanol production from food 
waste: a novel process for producing sustainable energy and 
reducing environmental pollution. Biotechnol Biofuels. 2015; 
8: 1-12.  
doi: 10.1186/s13068-015-0332-x 
78.  Haque MA, Kachrimanidou V, Koutinas A, Lin CSK. 
Valorization of bakery waste for biocolorant and enzyme 
production by Monascus purpureus. J Biotechnol. 2016; 231: 
55-64.  
doi: 10.1016/j.jbiotec.2016.05.003 
79.  Izumiya M, Tamaru M, Nonaka A. Status and issues of 
exchange systems for dried food waste and vegetables in the 
recycling of household food waste. Bull Fac Agric Life Sci 
Hirosaki Univ. 2018; 20: 1-5. 
80.  Hassan MA, Nawata O, Shirai Y, Rahman NAA, Yee PL, Ariff 
A Bin, Karim MIA. A proposal for zero emission from palm 
oil industry incorporating the production of 
polyhydroxyalkanoates from palm oil mill effluent. J Chem 
Eng Japan. 2002; 35(1): 9-14 
 doi: 10.1252/jcej.35.9 
81.  Huschner F, Grousseau E, Brigham CJ, Plassmeier J, Popovic 
M, Rha C, Sinskey AJ. Development of a feeding strategy for 
high cell and PHA density fed-batch fermentation of Ralstonia 
eutropha H16 from organic acids and their salts. Process 






  Review Article 
APPLIED FOOD BIOTECHNOLOGY, 2019, 6 (1): 7-18 
Journal homepage: www.journals.sbmu.ac.ir/afb  
pISSN: 2345-5357 
eISSN: 2423-4214 
 ها از ضایعات مواد غذاییآلکانوآتهیدروکسیتولید بالقوه پلی
 2، سباستین ال. ریدل*1جی. بریگامکریستوفر 
 
 گتون، بوستون، ماساچوست، امریکا.خیابان هانتین 555گروه مهندسی زیستی، انستیتو تکنولوژی ونت ورت،  -1
 برلین، آلمان. 13355، 67راستراب انستیتو زیست فناوری، دانشگاه فنی برلین، آک -2
 تاریخچه مقاله
 2512 آگوست 25  دریافت
 2512سپتامبر  6    داوری
 2512اکتبر  2   پذیرش
  چکیده 
هر سال، بیش از یک بیلیون تن مواد غذایی )آنچه توسط انسان یا حیوان مصرف نشده است( ضایع سابقه و هدف: 
شود. با افزایش جمعیت جهان، بشر باید به ها منتهی میمسیر اغلب این مواد ضایع شده به گورستان زباله شود.می
عنوان منبع کربن برای تخمیر به منظور  تر برای زندگی باشاد. ایده استااده از ضایعات آلی به دوامبا دنبال وساایلی 
دسات آورده اسات. با استااده از ضایعات مواد  های اخیر محبوبیتی بهای در دهههایی با ارزش افزودهتولید فرآورده
 1)ارهاییپبسا(ها، که آلکانوآتهیدروکسایتوان پلیمیغذایی و ضاایعات فرآوری مواد غذایی، به عنوان ماده اولیه، 
ولید وارد، برای تباشند را در مقادیر زیاد تولید کرد. در بسیاری از مپایه ترکیبات زیستی می بر 2(پذیرتجزیهزیسات )
 هاالیستکاتها با استااده از مواد ضایعاتی، از زیستآلکانوآتهیدروکسیخارج سالولی و ماید پلی ارپبسا مقادیر زیاد 
 شود.در طراحی کارآ استااده می
های ا ویژگیب ارپبساند، هر ها تولید شدهآلکانوآتهیدروکسای انواع بسایار گوناگون از پلی  گیری:ها و نتیجهیافته
. درصاااورت فراهد شااادن شااارایط تولید پلی کارایی دارد مکانیکی و حرارتی مناساااب برای کاربردهای متااوت
برداری از مناطق تجمع ضااایعات مواد غذایی )مانند مراکز بزرف دفن زباله(، توانایی آلکانوآت و بهرههیدروکساای 
 باشد.ها به نظر امید بخش میآلکانوآتهیدروکسیتولید اقتصادی و کافی پلی
 .ندارند مقاله این انتشار با مرتبط منافعی تعارض نوع هیچ که کنندمی اعالم نویسندگان تعارض منافع: 
 واژگان کلیدی
 بسپارهازیست پل ▪
 منبع کربن ▪
 تخمیر ▪
 ضایعات مواد غذایی ▪
 پلی هیدروکسی آلکانوآت ▪
 
 نویسنده مسئول*
، گروه جی. بریگامکریستوفر 
مهندسی زیستی، انستیتو تکنولوژی 
خیابان هانتینگتون،  555ونت ورت، 
 .بوستون، ماساچوست، آمریکا
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